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LATERAL LOAD TESTS ON PILES IN BRIDGE EMBANKMENTS
JOSEPH A, PADUANA, California State University, Sacramento; and

WILFRED S. YEE, Transportation Laboratory, California Department
of Transportation, Sacramento, California

'INTRODUCTION

Piles in bridge foundations are often required to resist lateral
forces resulting from post-tensioniﬁg of concrete superstructures,
seasonal changes in length of superstructures without expansion
joints, earth pressures, and earthquakes. It is important,
therefore, to be able to predict the behavior of piles in bridge
embankments subjected to lateral forces to ensure that both the
deflections and stresses of the soil-pile~structure system are

within tolerable limits.

Most analytical téchniques for evaluating the behavior of a pile

subjected to lateral loads are based.on the theory of a beam on

an elastic foundation (1) and require solutions of the differentiél

equation |
ET a—}%i‘ky=0 o | (1)

where EI is the flexural stiffness of the pile, v is the lateral

deflection of the pile at depth x below the ground Surféce

(Fig. la), and k is the subgrade modulus, a measure of the

stiffness of the soil surrounding the pile. By definition,

"k is expressed in terms of y as

k = -5- | (2)

where p is the soil reaction across the width of the pile,

which develops as a result of the pile deflection. As defined,
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k has units of force per unit length per unit of deflection.

The solution of equation (1) depends on the assumption regarding
the variation of k with depth. Solutions are available (2)
for any fixed variation qf g wifh depth, but generally required
the use of a computer. For many practical problems, solutions
are readily available for the cases where k is either constant
with depth or inéfeases linearly with depth in accordance with
thejéxpression
k = npx (3)
where n, is the constant of horizontal subgrade reaction,
Terzaghi (3) suggested that for preloaded cohesive soils, k may
be assumed constant_with'depth. Davisson and Gill (4), however,
showed that this assumption may lead to underestimates of moment
and deflections by a factor of 2, Terzaghi further proposed
“thaﬁ for sands, k should vary linearly with depth from a value
of zero at the surface, and the argument for such a variation was
further developed by Reese and Matlock (5). Table 1 shows
"recﬁmmended values of k as summarized by Davisson (6), based on

the literature and experience.

' Solﬁtions‘of equation (1) are readily available in nondimensional
form, For the case Where.k = nhx,. Reese and Matlock (5) prepared
a complete set of charts fbr determining deflections, moments,
.shears, and soil pressufes. For the case of constant k or
.stégped variation in k, Davisson and Gill (4) prepared similar

solutions for deflections and moments. The selection of
app%opriate magﬁitudes'and distribution of k-values is basic

to these solutions.

ClibPDF - wynw.faslio.com


http://www.fastio.com/

Joseph A, Paduana o | 3
Wilfred S, Yee :

While the preceding investigations.have led to a good undefstand—'

ing of the behavior of laterally loaded piles, furthet experimental

information is desirable for the conditions shown in Figure 1b

of a typically laterally-loaded pile in a bridge embankment.

As shown, the embankment pile is inserted into an 18" (46 cm)~-

diameter predrilled hole in the compacted f£ill and driven into

the underlying natural soil. The annular space between the pile

and fill is backfilled with pea gravel to reduce negative skin
"friction resulting'frcm future vertical settlements, Experimental

evidence on the behavior of laterally loaded piles or on values

of ny, or k for these soil conditions are very limited,

Full-scale lateral load tests on embankment piles were perfoimed

at three sites in northern California (Fig. 2). The purpbses

of the testing program were: (1) to determine the iateral
load-deflection behavior of individual vertical embankment piles;
(2) to correlate the résults of full-scale fests on embankment |
piles with theoretical solutions; and (3) to determine experimental
values of ) {or k) for such embankment conditions. ' All test

piles were used in the construction of bridge structures.

LATERAL LOAD TESTS AT OCCIDENTAL DRIVE OVERCROSSING

Test Tayout and Soil Conditions

- The location of test piles at the Occidental Drive Overcrossing
in Sacramento, California, is shown in Figure 3a., Lateral load
tests were performed on 6 of the 12 vertical piles for bridge

Abutment 3, All piles were considered as single isolated piles
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not influenced by adjacent piles. The properties of the 10 3/4"
(27.3 cm) 0.D. stéel pipe test piles are given in Table 2. The
piles are embedded in approximately 28 ft (8.5 m) of the underlying
naturai sandy silt and in approximately 12 £t (3.7 m) of the ammular
péa gravel and surrounding compacted silty sand with gravel

(Fig. 3c)..

Figure;Sb shows a general boring log for the site, including
valueé of the standard penetration resistance, The fill was
compacted to a minimum of 95 percent of maximum density based on
the Caiifornia Compaction Test 231-E. No groundwater was
encoun#ered during the subsoil investigation. Properties of
samples taken in the compacted fill and in the underlying natural
soil afe given in Table 3, ‘Figure 4 shows the grain-size distri-
bution of the pea-gravel backfill. More detailed descriptions

of the soil profile are given in Ref. (7).

Instru@entation‘

iaterai ioads‘werg épplied normal to the pile axis with a
calibréted hydraulic jack at the ground surface. The corresponding
lateral defiectioﬁs.at the top of the piles were measured with

deflection transducers.

All teét piléé were equipped with SR~4 electrical resistance
straiﬁfgagés along the embedded upper portion of the piles.
Straiﬁ‘obsefvatioﬁs were recorded under iateral load to measure
flexurél étresses within the pile. The flexural stresses were
then ébnverted to bending moments. Complete details of the

instrumentation are given in Ref. (D).
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Test Procedure

Three types of lateral load tests were performed at Occidental
(Fig, 3a): Test A on Piles 2 and 3, Test B on Piles 10 and 11,
and Test C on Piles 2, 3, 6, 7, 10 and 11, Tests A and B were
conducted before construction of the abutment, while Test C.

was conducted after construction of the superstructure. Therefore,
test piles were considered as free-head for Tests A and B and

fixed~head for Test C.

The lateral 1béd for Tests A and B was applied at the ground
line by jacking horizontally between a pair of test piles. During
Test A, a constant incremental lateral deflection was induced
between the tops of Piles 2 and 3, allowing the applied lateral
load to vary, in order to maintain a comstant deflectiom,
Constant total incremental defiections of 1/2, 1, 1-1/2, and
2 inches (1.3, 2.5,3.8, and 5.1 cm) were induced between the
piles and maintained for 2 hours for each increment, in sequence.
During Test B, constant incremental lateral loads of 5, 10, 15,
20 and 25 kips (22, 44, 67, 89, and 111 kN) were applied, in
sequence, between Piles 10 and 11. Each load incremeﬁt was held
constant for a minimum period of 2 hours and until the pile head
movement was less than 0,010 inches (0.025 cm) per hour, The

. test procedﬁre for fhe after;constfuction Test C is presented

fater,

Free-head Test Results and Analysis

The free-head test results (Tests A and B) are plotted in

Figure 5a as lateral 1oad‘appiied'at the ground line versus
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deflection at the top of the pile for Piles 2, 3, 10, and 1l.
The corresponding strain gage readings were converted to moments
at the selected load levels, and these measured moments versus

depth are plotted as solid lines in Figure 6 for the 4 test piles.

The res@lts of the free-head tests were analyzed by means of the
nondimensional solution (5), using theoretical expressions and
nondiménsional coefficients based on a linear variation of k with
depth, équation (3)., For this solution, a relative stiffness

factor T is defined as
-
T =\ EI/n, (&)

For a free-head pile, the horizontal deflection produced by a

lateraliload P at the ground line is given as

pT3
y =4 TF | (5)
where A; is the free-head depth ¢oefficient. The corresponding

bending%moment is given as
M = Ay PT (6)

where Aﬁ is the free-head moment coefficient, Values of Ay
- and Ay éré readily obtained from charts (5) for various depths

" along the pile, 

Values of n;, were determined in the following mannmer. A trial
value of n, was assumed for an applied lateral load, and the

corresﬁdnding deflection at the top of the pile was computed,
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Equation (5), and compared with the measured deflection. When
the computed and measured deflections agreed closely, the assumed
value of ny was considered satisfactory. Plots of ny - values
versus deflection at the top of the piles are shown in Figure 5b,
To verify the assumption regarding thé distribution of subgrade
modﬁlus, theofetical moments were computed, equation (6), using
valués of np, from Figure 5b., The theoretical moments are shown
in Figure 6 as dashed lines for comparison with the measured
moments from strain gage readings for the same lateral load. The

agreement'is réasoﬁably good for practical purposes.

After-construction Test Results and Analysis

For the after~construction Test C (Fig. 3a), the effects of
post-tensioning and dead load of the bridge superstructure were
considered as loads for the test piles. The total prestress

force for the concrete superstructure was 9,200 kips (41,000 kN,)°

The lateral deflections at the top of the test piles and the
strains along the piles were measured after post~-tensioning of
the superstructure, but with the falsework still in place. The

measured deflections are shown in Figure 7a, The strain gage

' readings were converted to'moments, and plotted versus depth

for Piles 6 and 7 as shown in Figures 7b and 7c. (It is noted
that Piles 2, 3, 10, and 1l were subjected to a reloading in
Test C in a direction_hormai to the initital loadings in Tests A

and B, The test results and analysis (7) for the reloading are not

~included, as only one cycle loadings are considered herein,)

Construction operations did not permit measuring deflections

after the falsework was removed, although the strains along the


http://www.fastio.com/

ClibPD

www fastio.com

JoéepﬁiA. Paduana ' 3
Wilfred S. Yee '

test piles were recorded, These strains were also converted to

"moments and plotted versus depth for Piles 6 and 7 in Figure 7b

and 7c

The reeults of the after-construction tests were also analyzed
using the same nondimensional solution (5), but assuming fixed-
head conditions. The deflection of a pile fixed against rotation
at the%ground line is_given'as

| pr3

= Fy E_f )

Where Fy is the fixed-head deflection coefficient, and P is the
shear force at the ground line. The corresponding bending

moment is given as

‘where FM is the flxed-head moment coefficient. Values of Fy

and FM are also readily obtalned from Charts (5) for various

depthsgalong the pile. .

'Values of N, were determined'as follows. Due to post-tensioning

of the'bridge superstructure with the falsework in place, a
later517ferce and a moment were induced at the top of each pile

1n the abutment. The lateral force was unknown, but the moments

_could be determined from straln gage readings (Fig. 7). Assuming
o a tr1a1 value of nh,‘a lateral force P correspondlng to the

'measured moment at the pile top was computed from Equation (8).

Substltutlng thlS value of P in Equation (7), a theoretical

_ defleetlon at the top of the pile was computed and compared
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with the measured deflection (Fig. 7a). When the theoretical
deflection agreed closely with the measured deflection, the
assumed value of ny was considered satisfactory. The value of
np computed in this manner for Piles 5 and 6 is 28 1bs/in3

(7.6 N/em3). .The effect of the sloped embankment normal to

the abutment was not ebnsidered and may account for the somewhat

lower value of »}, compargd to the free-head test values (Fig. 5b).

Because construction procedures prevent the measurements of
1aterai_def1ections after the falsework was removed, it was

not possible to compute theoretical moments for cbmparison with
measured moments for this condition._ However, it was possible

to compute the lateral force and deflection at the pile tops.

(for the after-falseworkwfemoved condition) using the

corresponding measured moments (Fig, 7), the value of np determined
as 28 1b/in3 (7.6 N/em3), and Equations (7) and (8). The values
thus computed for Piles 6 and 7 are P equal to 11.2 kips (49,8 kN)
and yp equal to 0.170 inches (0.432 cm). B |

LATERAL LOAD TESTS AT LINDA CREEK OVERCROSSING

Test Lavout and Soil Conditions

A plan of the test piles at Abutment 4 of the Linda Creek
Overcrossing near Roseville, California, is shown in Figure 8a.
Lateral load tests were performed on 4 of the vertical H-piles;
the properties are given in Table 2. The embedment of a typical

test pile in the underlyihg natural silty clay to sandy silt and

www . fastio.com


http://www.fastio.com/

Jbsephii;;Paduéna R B - 10
Wilfred S. Yee :

in the énnular peé’gréﬁel s£frounded by an existing compacted
silty clayey sandrembankment is shown in Figure 8c. The
embankmgnt had been compacted to a minimum of 90% of maximum
density based on the California Compaction Test 231-E, A log

of the'ﬁearest boring is shown in\Figure 8b. Table 3 lists

thé pro?erties qf samples taken in the compacted £ill and in

the underlying nétural soil, A more detailed description of

the soi} profile is given in Ref. (8).

Instrumentation and Test Procedure

Lateral loads were applied by jacking horizontally between a
.pair of test piles before construction of the abutment. The
instrumentation for meaéuring‘deflections, loads, and bending
st:éins along the pile was similar to that described for the
Occidenﬁal'project. In additibn, the slope at the top of the

test piles was measured with an electronic level (8).

Only céﬁstant iﬁcremental iaterallload tests (similar to the
| procedﬁ?e described for Test B at Occidental) were performed:
" Test A on Piles 1 and 2 and Test B on Piles 3 and 4 (Fig. 8a).
:.ﬁéterai loads were applied in increments of 5 kips (22 WN). It
Shouldfbé noted that Hepile 4 rotated slightly during driving.

| As a résult, the lateral load was not applied in the plane of

. the principal axis of Pile 4 (8).

Test Régglts and Analféig

A plot of lateral load applied at the ground line versus deflection

at the‘top of the pile is shown in Figure 9a for Piles 1, 2, 3, and 4.
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The results of the tests were evaluated using the same procédure
described for the free-head tests at Occidentai. A plot of np-
values versus deflection at ﬁhe top of the piles is shown in Figure
9b. Theoretical moments along the test piles and theoretical
slopes at the pile tops were also computed (8) using these np-
values and the nondimensional solution (3). Maximum theoretical
moments and maximum measured moments compared (8) within

15 percent for the same lateral load for Piles 1, 2, and 3;
However, the maximum theoretical moment'for Hepile 4, which

had rotated during dfiving, was about 30% gréater than the maximum
measured moment. Theoretical slopes at the top of the test piles
aléo agreed reasonably well with the measured slopes (8), except

for Pile 4.
LATERAL L.OAD TESTS AT NORTH MAXWELL OVERHEAD

Test Layout and Seil Conditions

The location of Test Piles 2, 3, 9, and 10 at the North Maxwell
Overhead near.Maxwell, California, is shown in Figure 10a, .The
properties of the 10 3/4" (27.3 cm) 0.D. steel pipe piles are

listed in Table 2., As shown in Figure 10c, a typical test pile

is embedded in approzimately 50 ft (15 m) of the underlying natural
soft to stiff clay (with sand at deeper depths) and in approximately
20 ft (6 m) of the annular pea gravel and surrounding compacted
silty sendy clay £ill. The fill was compacted to a minimum of

90% of maximum density based on the California Compaction Test
231=-E, A Iog of the nearest boring is shown in Figure 10b and

includes values of the standard penetration resistance. Properties
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of sampies taken in the compacted fill and in the underlying

natural soil are givenin Table 3.

Instrumentation and Test Procedure

Lateral loads were applied by jacking between test piles before
constructlon of the abutment. The instrumentation was similar

to that descrlbed for the 0cc1denta1 test piles and in addition,

'1ncluded an electronlc level for measurlng the slope at the top

' of the test piles.

L The test procedure for Test A on Piles 2 and 3 and Test B on Piles

9 and 10 are, respectively, similar to the constant-incremental-
lateral deflection test and the constant-increment-lateral load

test described for the Occidental project.

' Test Results and Analysis '

 Test results for Piles 2, 3 9 and 10 are plotted in Figure lla

as 1atera1 load applled at the ground llne versus deflection at

the topﬂof the pile. The results were analyzed using the same

precedure described for the free-head tests at Occidental, Values

of ny, determined by this procedure are plotted versus deflection

in Figﬁre 11b. Using these values of ﬁh and the nondimensional

solutlon (), theoretlcal moments along the test piles and

theoretlcal slopes at the top of the plles were also computed (8).

A comparlson (8) between max1mum theoretlcal moments and maximum

measured moments showed agreement within 8 percent. Similar good

agreement resulted from a comparison (§) of theoretical and

r'meaSUred slopes at the pile tops.
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SUMMARY AND WSE OF TEST RESULTS IN DESIGN

n, - Values

A summary of the test results fpr the three sites is given in
Table 4 and includes np - values for single cycle of loading.
Values of my for the three embankments varied overall from 10

to 65 1b/in3 (2.7't6 17.6 N/cms), with higher wvalues for the
stiffer embankment. The results suggest the fbllowing simplé
approximate rélationship between values of np in 1b/in> and

the standard penetrafibn*resistance for the pile-soil conditions
studied herein:

n, v N | (9)

where N is the average blows/ft from standard penetration tests

within the depth of the compacted embankment .

It seems reasonable to expect some rough correlation between
values of np and N values. As the "sressure bulb” (seat of
settlement) for lateral deflectionslof a pille inciudes both

the peé—gravel backfill and the surrounding compacted fill,

values of ny should depend on the relative density of the pea-
gravel and the stiffness of the compacted £fill, But for each test
pile, the pea-gravel backfill was placed in the same manner by
dumping from an extended chute of a truck. Therefore, differences
in ny, ~ values would be accounted for primarily in differences

in the stiffnesses of the compacted fill, as indicated by the N

values,

www fastio.com
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Effect of End Restraint on Load-deflection Behavior

FigureSJSa and 7 show respectively lateral load versus lateral
deflectlon relationships for the free-head and fixed-head pile
condltlons at 0cc1denta1 Because of the end restraint and base
friction contrlbuted by the pile abutment, the fixed-head pile
re31sts approximately tw1ce as much lateral load as the free-head

p11e at the same lateral deflectlon of 0.25 inches (0,64 cm).

'Effectlve Length

The effectlve length of a laterally 1oaded pile is defined as

the length of the embedded portlon of a pile which is effective

in t;anéferring lateral load from the pile to the soil., The lower
‘portioniof a pile beydnd the effective length shows no appreciable
deflectiQn'and‘thus, no appréciéble soil reaction. For practical
~ purposes, the effective length may also be considered as the depth

‘to the first zero-deflection point of a pile.

The range of effectivé lengtﬁ.fOr“the test piles at the three
_ sites was computed for_laterai loads within a practical range
and is bresented in TaEle 5. The effective length varied from
8 to 12 ft (2.4 to 3.7 m), which lies within the depth of the
cbmpactéd £i1l. Thus, thé compacted £i1l of a bridge embankment
_ provideé the major support for a laterally loaded pile, and the
influence of the undeflying natural deposit is practically

"negligiﬁle.
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Use of Test Results

The tests reported herein provided data that was used in the design
of pile foundations for bridge embankments, The test results

are in terms of the behavior of a single pile under single cyéle

of loading. Cyclic loading and pile spacing in the direction of
the load must also be considered in selecting an appropriate

value of the subgrade modulus k. Cyclic loading ﬁaé thé effect

of reducing the value of k (2, 10). Pile spacing less than

eight pile diameters in the direction of the load also hés the

effect of reducing the value of k (1n).
CONCLUSIONS

The follbwing conclusions are considered valid from an analysis

of full-scale lateral load tests on embankment piles at three

bridge sites in northern California.

1, Comparisoﬁs of measured and theoretical bending moments
versus depth for vertical piles in bridge embankments show
that a linear variation of horizontal subgrade modulus with
depth (k = ny, x) is a reasonable approximatiom.

2, Values of np for single cycle loading at three embankment
sites varied overall from 10 to 65 1b/in3 (2,7 to 17.6 N/cm3),

a with higher values for the stiffer embankment. Test
results suggest a simple rough approximation, i.e., hh% W,
for the soiluyile conditions studied hereir,
3. Limited data indiéate that a fixed-head pile resists

approximately twice as much lateral load as a free-head
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pile at the same lateral deflection of 0.25 inches
(0.64 cm). | |
&, The computed effective length (depth to first zero-
| deflection point of pile) of the embankment piles varied
from 8 to 12 £t (2.4 to 3.7 m) for lateral loads between 9
to 16 kips (40 to 71 kN),
5. A compacted fill of 12 ft (3.7 m) or more provides the major
support for a 1aterallv loaded pile, and the influence of

the underlying natural deposit is practically megligible.
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